Introduction
The study of succession has generated well known theories about the mechanisms by which plant communities are assembled [1] [2] [3] . The development of terrestrial plant communities through primary succession provided evidence of facilitation of later colonizers by earlier plant species in many studies [4] . On floodplains, flooding continually reworks terrestrial surfaces by eroding and re-depositing sediments [5, 6] . Thus, the alluvial landscape is considered immensely dynamic, permanently developing and transforming [7] . The continuous fluvial processes and the related disturbances represent a necessary precondition for the existence of the initial communities [8] . Thus, riparian forests exist as mosaics of vegetation patches in various stages of successional development [9, 10] . However, following the anthropogenic influence during the last century in Europe, such natural cycling processes are very limited, owing to several interventions within the riparian space: water regulation, canalization, limited re-deposition of sediments due to hydropower plants and the lowered level of groundwater. Therefore, the natural development of a pristine riparian forest through primary succession can rarely be witnessed, especially within the densely populated European agricultural landscape. A new shallow water accumulation (artificial lake) on the Ledava River in NE Slovenia represents a unique and outstanding natural laboratory, very suitable for studying the development of terrestrial plant communities. At this location primary succession has taken place following stream deposits (sediments mud and silt) at the stream's mouth to the artificial lake. In less than 40 years, a pristine, untouched and unmanaged riparian forest has developed. The closest riparian forests, which are at the same time the best preserved floodplain forests in Slovenia, are those along the Mura middle stream in Slovenia, not far from the research area ( Figure 1 ). Three vegetation types are characteristic for Mura riparian forests [11] : (1) the most humid and nutrient-rich sites belong to Salicetum albae; (2) Fraxino-Ulmetum quercetosum robori are the driest and the least nutrient-rich sites and (3) Fraxino-Ulmetum allietosum ursinae represent ecologically intermediate sites between the first two types. Zonation is dependent of moisture and nutrient gradients, but connected with the distance to the Mura River or its back streams.
In this study we aimed to document the spatiotemporal patterns of primary succession, based on 10 temporal windows from 1983 until 2010 and to illustrate the development of plant communities on newly formed stream deposits as well as the velocity and direction of spatial changes throughout the primary succession. Furthermore we sought to answer two questions: (1) is there one or more successional trajectories, and does the process follow deterministic (rather than stochastic) pathways? (2) What is the relation between (per plot) species richness and time since terrestrialisation?
Experimental Procedures

Site description
The study was conducted on Lake Ledava, which lies in the North eastern part of Slovenia (46°45′1.7″N, 16°2′19.45″E, 234 m altitude) in the Prekmurje region and forms part of the Goričko Landscape Park (Figure 1) . The area of Goričko Landscape Park has a centralEuropean climate with a relatively dry winter [12] . The annual mean air temperature is 9.6°C. Annual rainfall does not exceed 900 mm: the annual mean precipitation from 1979-2001 was 805 mm, with maximum records of 1064 mm (in 1965) (from the ARSO hydrological database: http://www.arso.gov.si). Lake Ledava is an artificial reservoir, created in 1976-1977 by damming the Ledava River, which is the second largest watercourse in Pomurje, after the Mura River [13] . A dam flooded 112.12 ha of an area comprising a mosaic of traditional agricultural landscapes. The lake was constructed mainly as a flood protection measure following extensive flooding of the city of Murska Sobota in 1972. While the lower, southern part of the reservoir is constricted by the concrete dam, the northern part of the reservoir, where Ledava River flows into the lake, is completely subject to natural dynamics. Floodplains on the upper side of the lake represent a retention area in the event of flooding and thus contribute to flood safety. The flow regime of streams in the area is fluvionival. Occurrence of high water is mainly dependent on rainfall, and partly on melting snow [13] .
The Ledava River basin in this area covers app. 57 km 2 upstream [13] and consists mainly of Pleistocene and Holocene sedimentary rocks [14] . The formation of Pleistocene terraces at Ledava are built by thick gravel, suggests that in the Pleistocene the Mura River tributaries accumulated a lot more gravel than today. Newer alluvial deposits consist of sand and a layer of small pebbles [14] . The lake inflow streams have the following order [15] : 48% are first order, 19% are second order and 32% are third order (calculated with ArcGIS 9.3 spatial analyst tools). The average river discharge upstream the lake from 1993 to 2010 on the measuring station Nuskova, located 6 km away from the lake in the northern direction, was 0.32 m 3 /s (from the ARSO database: http://www.arso.gov.si). It should be pointed out that the lake reservoir is filled by an additional tributary stream. Owing to this fact the average discharge data from the station Nuskova should be considered more as informative. Downstream the lake on the measuring station Polana I, located 12 km southeast from the lake, the average river discharge, in the same period, was 0.95 m 3 /s (from the ARSO database: 
Determination of habitat types and elaboration in GIS
For habitat mapping and for reconstructing the vegetation changes in the study area over the last 40 years, we used a time series of high resolution aerial photographs (pixel size from 0.25 to 0.31 m 2 ) from 1975, 1980, 1983, 1987, 1990, 1995, 1999, 2003, 2006 and 2009, together with an infrared aero-photograph taken in 2006. We also used aerial photographs for field mapping, performed in 2003 and 2010. For habitat mapping we chose the "PHYSIS" typology, based on the Palearctic classification [17] . This classification was adapted and modified for use in Slovenia [18] . However, in order to produce a more surveyable map, we aggregated the precisely mapped habitat types (mapped in 2003 and 2011, mapping resolution 1 m) into 13 habitat types (Figure 2) . One of the most important habitat types in our study was "swamp tall herbs" (STH) which includes all those habitats that consist of tall herbaceous plants. They are the following: (1) common reed beds (Phragmitetum australis), (2) reed mace beds (Typhetum latifoliae); (3) tall sedge-dominated swamps (Magnocaricion elatae) and (4) riverine meadowsweet stands (Filipendulion ulmariae). A simplified typology, together with the high resolution of the aerial photos and expert knowledge, enabled us to reconstruct the habitat types for those temporal windows when field mapping was not performed. As a study area, the initial shape of the lake was taken from the first aerial photo available (1980) after the lake creation (in years 1976-77).
Then we created a 10x10 m fishnet, with the Data management tool within ArcGIS 9.3 software, over the lake area, which resulted in 11250 quadrats, in order to calculate the spatial dynamics parameters -the frequency of change during studied period. For each quadrat, we determined frequency of change (on a scale from "no change" to a max. of 8 changes) with overlaying (intersecting) each layer presenting the temporal window of the area with the created fishnet. Moreover, the mean level of frequency of change and additional statistical parameters (along with minimal frequency of change and maximal frequency of change), per habitat type (how many times, on average, a specific habitat type, developed on alluvial sediments, changed) were calculated using the zonal statistics tool in the spatial analyst of ArcGIS 9.3. The overlaying procedure enabled us to determine the "time since formation" (TSF) parameter for each quadrat over the study area. The TSF is the time period from the first interval between the two temporal windows, which revealed newly terrestrialised habitats. We classified the TSF data into eight temporal intervals, following intervals between the given temporal windows: (1) 
Species composition and richness along a selected transect and statistical elaboration
In order to study patterns of plant species composition and species richness along the temporal gradient of primary succession, we established two transects of 200-m and one transect of 120-m, extending from the lake shore across the different successional stages ( Figure 1 ). Along each transect, we placed a 133 m long crossing transect every 20 m. This result in 11 crosssection transects along each of both 200-m transects and in 7 cross-section transects along a 120-m transect.
On the cross-section transects, sampling plots (quadrats of 3x3 m) were placed every 10 m. Thus, we inventoried 11 plots for each cross-section transect, and we sampled a total of 121 plots for each of both 200-m transect and a total of 77 plots for 120-m transect. Altogether result in 319 sampling plots (quadrats). We recorded the species composition by identifying all vascular plant species in the plots. The investigation included the herb-layer and was carried out in July and August 2011. We recorded species presence/absence for all 319 plots and use those data for further analyses. Taxonomic nomenclature follows Flora of Slovenia [19] . Species richness was noted as the number of species recorded in each plot. In addition, we noted habitat type for each plot following the same simplified methodology as described above in section 2.2. Only three habitat types, namely: (i) swamp tall herbs (STH), (ii) young willow stands (YWS) and iii) white willow woodland (WWW); occurred along transects. We grouped the plots also according to the "time since formation"(TSF) parameter, determined as described in the section 2.2.
For analyzing the plant species composition between habitat types (formatted in different time periods), we used a Jaccard similiarity index, calculated (Jij=a/ (a+b+c)), where a is the number of species shared by two habitat types, b is the number of species found only in the first habitat type, and c the number of species found only in the second habitat type. We analysed the relations between species richness per plot and TSF and between species richness and habitat types using ANOVA. For assessing differences between groups, we applied the Tukey Honest Significant Differences (HSD) test for unequal sample size. We performed all tests with the statistical package SPSS Base for Windows 15.0.
Results
The temporal windows
The simplified habitat types in the area (alder woods; hedges, groups of trees and woodlots; fields and grasslands) covered with water during the creation of the lake in 1976-77 are shown in the first window (out of ten temporal windows) ( Figure 2) . The next available aerial photo is from 1980, where the maximal area covered with water is shown.
The habitat transitions across primary succession show that there exists one direction for the succession, starting with mudflats (overgrown with annuals), followed by swamp tall herbs (Phragmites australis, Typha latifolia or tall sedges -Carex spp.), young willow stands and with white willow riparian woodland as the final stage ( Figure 3) . The transitions within the flow charts, which represent the percentage share of the transitions from each habitat type of the given temporal window to the subsequent habitat types of the next temporal windows, also revealed one successional trajectory (Figure 3) . The most relevant feature is the progression of woody vegetation. The progression of the final successional stage, the white willow woodland, developed on 28.9 ha and covered 22% of the lake in 30 years.
The frequency of change, the mean level of change and TSF of the habitat types
The frequency of these changes was also revealed in an alternative way: for each 11250 10x10 m quadrat, the dynamics of change ( Figure 4) were obtained from the habitat types, available in the temporal windows.
The habitat types in 157 quadrats changed only once; in 2242 quadrats they changed twice, and in 1133 quadrats they changed three times. Altogether 5497 out of 11250 quadrats (54.97 ha =49% of area) changed from the water surface, as recorded in 1980. There were only a few quadrats that changed 5 to 8 times (together 524=5%). In the next step we calculated the mean level of change per habitat type (Table 1 ) in order to determine how many times on average a specific habitat type, developed on alluvial sediments, changed. Most of the habitats had changed 2 to 3 times during the last 30 years. The regular network of quadrats also enables us to show the age of the terrestrial and aquatic habitats: the TSF were determined for each quadrat ( Figure 5 ). It follows that in many quadrats (2407 or 21% of the lake area) the first habitats were formed within the time interval 1983-1987. In the next period -1987-1995, 2897 new quadrats with new habitats were formed, representing 17% of the present terrestrial habitats. From 1995-2010, only another 1193 quadrats developed (11%), which indicates that the process of sedimentation causing terrestrialisation is decreasing.
Species richness and composition along the selected transects
Three transects, located along the successional stages starting from the oldest until the most recently formed habitats were established (Figure 1 ). Transects represent a spatial gradient from older woodland to younger woodless habitats; however at the same time they represent -at least to a certain degreethe chronosequence of the succession sere. The total number of vascular plant species recorded in the herb layer of 319 plots (quadrats) along the studied transects was 48. Overall species frequencies were low in studied quadrats. Only 10 species reached more than 10 percent frequency range in the 9-m 2 quadrat size. The most frequent species was Salix alba that reached 78.68% frequency. Other rather abundant species were Lemna minor (41.07%), Carex acuta (27.90%) and Phalaris arundinacea (29.96%).
A habitat type classification for quadrats revealed three groups, with white willow woodland group being the largest (N=246) and young willow stands, being the smallest group (N=12). The results show significant differences in plant species composition among all the three (aggregated) habitat types (HTs) analyzed by the Jaccard similarity index. Pairwise similarities between HTs varied between 21% and 39%. The largest difference was between STH (swamp tall herbs) and YWS (young willow stands) (79%). The most frequent and exclusive 1983-1987; 3: 1987-1990; 4: 1990-1995 Figure 6 ). There was evidently lower species richness of swamp tall herbs (mean =2.2+1 s.d.) in comparison to old (mean =5.2+2 s.d.) and young willow stands (mean =4.6+2 s.d.). Since for each sampling plot the TSF could be established, also the species richness of plots belonging to four different TSF intervals was calculated (Figure 7 ), which shows a linear declining trend: the oldest plots showed around 6 species per square meter, the newest less that 2 per square meter.
Discussion
Riparian forests are one of the biosphere's most complex ecological systems but also one of the most important for maintaining the vitality of the landscape and its rivers [20, 21] . Floodplain forests, according to the Habitat Directive, belong among the habitats of the greatest importance for nature protection on the European scale [11] . White willow stands represent a Natura 2000 habitat type (Council Directive 92/43/EEC on the Conservation of Natural Habitats and of Wild Fauna and Flora), which develops along the European riparian stream corridors of rivers, especially in the middle and lower part of the river course. They represent forest corridors of Salix alba, Populus alba and P. nigra, species that are well-adapted to withstand floods and recolonize fresh sediment deposits [22] . Alluvial forests disappear elsewhere, especially in the developed countries of Europe [23] . Their stands are still declining, since the riparian space is endangered mainly by agriculture, but also by other human activities. Such floodplain forests are considered as very valuable natural habitats, many of which have been lost in the lowland landscapes of Slovenia and neighbouring countries. Willow stands in Slovenia are considered as endangered but also relatively poorly researched [24] . Floodplain forests have sometimes been characterized as a naturally growing "European jungle" [25] . However, our study revealed that in only 30 years a primary riverine white willow forest developed on newly formed alluvial sediments. According to the relatively low average discharge (around 0.3 m 3 /s), the sedimentation was rather high and terrestrialisation was substantial, owing to the shallow water level in the lake. Nevertheless, it was interesting to note that the majority of the new terrestrial habitats were created in the first ten years (1981-1990; 480.000 m 2 ). Only 82.000 m 2 were created in the next decade (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) . In the last decade no new terrestrialisation occurred. These circumstances allow us to distinguish two phases of succession: the first one, characterized by intensive terrestralisation, and the second, when terrestrial stages only gradually change from one habitat type to another and finally stabilize at the stage of white willow forest. A similar development has already been observed in denuded sediments after the water level was lowered in Czech Republic [7] . What, however, is the reason for the decline in sedimentation which brought an end to new terrestrialisation? One reason could be the slightly deeper water in the central part of the lake. Given this explanation alone, the terrestrialisation would be only slowed down, not completely stopped. One very reasonable explanation is that at the time when the artificial lake was constructed, the Ledava River was regulated (canalized) at many points upstream. The artificial stream banks, not yet vegetated, were probably very prone to fluvial erosion. Thus, the sedimentation rate in the lake was enormous (in relation to average discharge), however, over the next two decades, the stream banks were stabilized by vegetation, and fluvial erosion substantially decreased.
Some previous studies [7] also report extremely high productivity and vitality among woody species (white willow and black poplar) in such newly formed riparian forests. In our case, fresh, moist, nutrient-rich sediments also enabled the formation of dense, tall vegetation; the highest trees reached 20 meters or more. This indicates a high standing plant biomass, although this was not measured. However, where stable conditions do persist for more extended periods of time, pioneer softwood communities (as white willow stands) may be replaced by hardwood forests, often including species of Acer, Ulmus and Fraxinus [26] [27] [28] .
As already mentioned, the initial shape of the constructed lake was the basis for determination of the study area. One of the interesting observations is that the conversion from aquatic to terrestrial habitats followed the submerged stream of Ledava River. The river flow on newly terrestrialised habitats strictly followed the submerged river bed. This is probably due to the slightly elevated (in terms of decimetres) river bank, a consequence of fossil sedimentation on the river bed.
In the temporal windows from 1980 until 2010, it was noted that 56.2 ha or 50% of the initially aquatic habitat was overgrown by terrestrial vegetation. The proportion of terrestrial habitats to water habitat was even greater in 2003 (68.9 ha or 61.5%), but the mudflats with annuals are of a typically ephemeral vegetation type, which strongly depends on occasional, brief terrestrialisation for just a month or a few months. This is also the case here, in Lake Ledava: this habitat type develops only during pronounced dry seasons, as was the case in 1992, 1993, 2000, 2001 and 2003 . The most pronounced development of ephemeral vegetation on mudflats occurred in drought year 2003 (this year the habitats were mapped by one of the coauthors of this study). This vegetation type was well described [29] -favourable edaphic conditions exist only for a very short time of the growing season (during the limosal ecophase) and year-to-year variability is high. It is a plant life between inundation and desiccation, shifting periodically from flooding to water shortage. In the terms of Braun-Blanquet phytosociological syntaxonomy, this vegetation type belong to the classis Isoëto-Nano-Juncetea (order Cyperetalla fusci, alliance Nanocyperion), which is also a Natura 2000 habitat and one or the rarest vegetation types in Europe. The characteristic species recorded in 2003 were well known botanical rarities in southern Central Europe as Elatine triandra, Lindernia procumbens, Cyperis michelianus and Limosella aquatica. All of them are typical annuals with ephemeral occurrence. But already then (especially compared to the drought year 1993!), the vegetation of Nanocyperion, which is basically oligotrophic one, became eutrophic to a substantial degree, revealed by abundance of Rumex spp. and Echinochloa cruss-galli.
Water regime variation is increasingly seen as important in maintaining wetland functioning and diversity [30] so understanding how water regime affects plant communities can assist in managing wetlands more predictively [31] . Casanova and Brock [30] summarised that in the case that wetlands are managed for particular outcomes (e.g., increased abundance of particular plant or animal species; high biodiversity) it is important to know which aspects of water regime are important and which are less crucial. Also our results have some management implications -firstly, it is proposed not to interfere the white willow primary forest with any human interventions. However, it is suggested to enable at least periodically (e.g. every few years) the desiccation of mudflats by lowering the water level for approximately 70 cm in the driest period of the year (July-August). Namely, alternating wet and dry periods had been proved already to affect plant establishment from the seed bank by stimulating or inhibiting germination [31] . Thus, studying the seed bank in the (currently inundated) mudflats is a promising way to ensure development of ephemeral wetland vegetation as a target vegetation type. The colonisation rate of plant species across the primary succession was found to be very low. The species composition on "mudflats overgrown with annuals" (being the first terrestrialised successional stage) was not sampled, because this pioneer stage develops only in (dry) years with a low water level in the lake. Only this stage could be interpreted as a "non-interactive" stage, according to Wilson's [32] categorization. It is interesting to note that the swamp tall herbs were mostly terrestrialised in the early time period, 1990-1995 (some patches as early as [1987] [1988] [1989] [1990] . Almost no new terrestrialisation occurred after 1995, but only progression of willow stands on swamp tall herb vegetation. The woody stages, which were terrestrialised mostly between 1984 and 1987, can already be classified as an assortative stage, sensu Wilson [32] . It has also been shown in other studies [33] that species richness slowly increases with age within this woodland stage, whereas willow trees drive the vegetation properties in the long run. It can be concluded that the newly assembled riparian white willow woodland in the middle of this quite highly populated agricultural landscape has a surprisingly low colonisation rate of plant species. This is probably due to the expansion and dominance of some strong clonal species (e.g. Phalaris arundinacea, Carex acuta, C. riparia), but also to the negative effect of invasive neophytes, which thrive in the forest and contribute to the low species richness of the white willow forest. Mainly two neophytes were found with a relatively high frequency: Solidago gigantea and Impatiens glandulifera. However, their distribution is different: the frequencies of Solidago gigantea reach 90% on young willow stands (and decline to 10% on white willow woodland). Contrary, Impatiens glandulifera is not present at all in young willow stands and thrive to white willow woodland in the frequency of 20%. It is reported [34] that fresh, nutrient-rich riparian soils together with semi-shaded conditions seem to be ideal for the colonization of two invasive neophyte species Solidago gigantea and Rudbeckia laciniata in the abandoned riparian wooded meadows, overgrown to mixed riparian forests. They found a clear positive correlation between cover-abundance values of Solidago gigantea and light intensity, which suggests that abandoned riparian wooded meadows are very susceptible to colonization until there is enough light. The fact that Solidago gigantea is a light-demanding species for a certain degree was confirmed also in this study.
However, also the effect of isolation should also be considered in order to explain low colonization rate of newly established habitats. Similar riparian white-willow woodlands do not appear in the agricultural landscape of Goričko Landscape Park; the closest riparian forests lie along the Mura River (approximately 10 km and more from Lake Ledava). It can be assumed that the species richness of these newly assembled successional stages is also low because of the relative distance of similar habitats, small areas of newly formed habitats and their very recent formation -all known postulates from island biogeography theory [35] .
